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Photonic barcodes have attracted extensive attention due to their promising applications in multiplexed
high throughput bioassays, item tracking, information security, etc. Organic luminescent materials,
capable of assembling into various micro/nanostructures as a result of their outstanding processability,
afford a fundamental model for designing novel micro/nanoscale photonic barcodes. In this highlight, we
review recent advances in micro/nanoscale photonic barcodes based on organic materials. This highlight
starts by introducing the significance of tiny photonic barcodes and discussing why organics have
become dominant. Then we present the research progress on organic photonic barcodes in terms of a
series of strategies including graphical encoding, spectroscopic encoding and a combination of them
both. In the following part, we focus on the construction of covert photonic barcodes based on near-
infrared luminescence and responsive excited state processes, which have shown great potential in
advanced anti-counterfeiting. Finally, we present our views on the current challenges and the future
development of organic micro/nanoscale photonic barcodes. We believe that a comprehensive under-
standing on this topic would significantly contribute to the advancement of organic photonic barcodes
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rsc.li/frontiers-organic for a broad range of applications.

1. Introduction

Photonic barcodes have been demonstrated to have a great
value for tracking and identifying a vast amount of infor-
mation of the macroscopic world in our daily lives. Traditional
barcodes contain a series of black bars with different widths
representing consecutive digits, and thus countless codes can
be generated by systematically changing the number of bars,
width, and spaces between adjacent bars, showing huge
coding capacity. These macroscopic barcodes have been widely
applied in different products including stationery products
and letters, as well as in healthcare settings, and they permit a
rapid, simple, and accurate identification of the target."
However, with the significant development of the manufactur-
ing industry and life sciences, there are increasing demands in
labelling and tracking micro/nanoscale targets ranging from
cells and biomolecules to chip components.> Therefore, the
macroscale feature of traditional barcodes has become a limit-
ing factor for these applications. Compared with macroscopic
barcodes, nano or micro barcodes can greatly improve the
storage capacity and accuracy because of their small size. In
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this regard, photonic barcodes with a small footprint and
unique identifiability have shown great potential for multi-
plexed high-throughput bioassays, tracking systems and anti-
counterfeiting applications.” Nowadays, a broad range of
optical micro/nanomaterials, including metallic nanoparticles,
semiconductor quantum dots, lanthanide-doped nano-
particles, and structural color materials, are being widely
explored for their utility in optical encryption and anticounter-
feiting.* However, these barcodes often suffer from some inevi-
table drawbacks® including complex preparation, high-cost
processing and low-level readout, which further hinder their
practical applications.

Organic luminescent materials, with weak intermolecular
interactions and outstanding ability to be flexibly processed
into diverse micro/nanostructures,® offer a fundamental model
for designing novel micro/nanoscale photonic barcodes.” The
emission wavelengths of various dyes can be easily tuned from
ultraviolet (UV) to near-infrared (IR) through molecular
design.® Besides the photoluminescence (PL) spectra, Raman
scattering resulting from the vibrational signatures of mole-
cules affords another type of spectrum with narrow spectral
bands and high resistance toward fluorescence backgrounds.’
These versatile spectra from organic molecules enable the
generation of a large library of encoding elements, providing a
good platform to develop spectroscopic encoding (Fig. 1).*°
Furthermore, the outstanding chemical versatility and flexible
processability of organic materials allow for integrating
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Fig. 1 Graphic illustration of characteristics and function engineering
to develop organic micro/nanoscale photonic barcodes.

different identifiable patterns in a single micro/nano-
structure," which presents great potential in designing graphi-
cal codes.

Moreover, the coexistence of abundant spectra and excel-
lent compatibility in organic materials enables effective inte-
gration of the spectroscopic and graphical encoding in a single
microstructure system, where the advantages of identifiable
organic microstructures and distinguishable spectral charac-
teristics can simultaneously be utilized, thereby greatly enlar-
ging the encoding capacity and boosting the security. Last but
not least, the abundant excited state processes and energy
levels in organic materials, including photoisomerization,"
exciton conversion/transfer,"® energy upconversion,'* etc.
exhibit smart responsiveness to external stimuli,'®> affording
an opportunity to develop covert photonic barcodes, which are
of great significance in optical data recording, anti-counterfeit-
ing, and security labels.'® Therefore, it is increasingly impor-
tant to summarize this growing research field, with great
emphasis on encoding strategies and the corresponding struc-
ture-property relationships of the organic micro/nano-
structures to promote future development.

In this highlight, we review the recent advances in the field
of organic micro/nanoscale photonic barcodes, with main
focus on diverse optical encoding techniques based on ident-
ifiable organic microstructures, distinguishable spectral
characteristics and controlled excited-state processes toward
the construction of covert photonic barcodes. A systematic dis-
cussion will be conducted on the evolution of organic photo-
nic barcodes in terms of a series of strategies. It starts with
graphical encoding, spectroscopic encoding and the combi-
nation of both in organic materials, which can greatly enlarge
the encoding capacity. Then, we introduce the construction of
the covert photonic barcodes based on the near-infrared (NIR)
luminescence and smart responsiveness to external stimuli,
which have demonstrated great potential in the application of
advanced anti-counterfeiting. Finally, we present our views on
the current challenges and future developments of organic
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micro/nanoscale photonic barcodes. We hope that this high-
light will make a contribution to the advancement of organic
photonic barcodes for a broad spectrum of applications.

2 Photonic barcodes with organic
micro/nanomaterials

Organic luminescent materials are endowed with versatile
encoding elements due to their abundant spectra and excellent
compatibility. This section discusses different encoding
mechanisms to produce micro/nanoscale photonic barcodes
based on the unique characteristics of organic materials and
the benefits/limitations of each type.

2.1 Graphical encoding

Graphical encoding is a common coding approach on the
basis of optically detectable patterns, and provides a relatively
large encoding capacity through modulating the features of
the identifiable elements.’” The most well-established scheme
for graphical encoding was striped metal nanowires, which
were prepared by sequentially electrodepositing different metal
ions into individual pores of hard templates.'® Therefore, the
as-fabricated striped metal rods, composed of different metals
such as gold (Au), silver (Ag), cobalt (Co), platinum (Pt), nickel
(Ni), and copper (Cu), show differential optical reflectivity
corresponding to the sequential metal composition, permit-
ting an effective identification of the barcodes. However, the
encoding capacity in these composition-related methods is
heavily restricted by the complicated preparation methods and
relatively limited metals with differential optical reflectivity.

2.1.1 Graphical encoding based on organic multicolor het-
erojunctions. Compared with the indistinguishable optical
reflectivity in metal barcodes, visual photoluminescence is
much more intuitive. Organic one-dimensional (1D) segmen-
ted structures with domain-controlled colors are superior for
achieving graphical encoding."® Benefitting from the excellent
flexibility and molecular compatibility, different organic mole-
cules can assemble into hybrid microstructures, making it
possible to integrate different identifiable patterns in a single
microstructure, which provides a good platform to design
excellent multicolor graphical encoding.

Driven by the weak intermolecular interactions, organic
molecules tend to self-assemble into various micro/nano-
structures. Multicomponent structures can be obtained by
carefully controlling the intermolecular interaction and mole-
cular recognition during the cooperative assembly processes.
The as-prepared products exhibit distinct emission patterns,
which can be viewed as identifiable elements for multicolor
barcodes. Zhao and co-workers reported the fabrication of
heterostructures with axially tunable compositions.*® 2,4,5-
Triphenylimidazole (TPI) with a planar molecule structure was
selected as the host molecule and two other molecules, a
sphere-like organometallic complex iridium(ur) bis(2-phenyl
benzothiozolato-N,C2) ((BT),Ir(acac)) and a planar molecule
9,10-bis (phenylethynyl) anthracene (BPEA), were chosen as
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Fig. 2 (a) Schematic illustration of the formation of organic multiseg-
mented microstructures. TPl was used to build 1D tubular host micro-
structures due to its strong hydrogen bonds along the c crystal axis,
while (BT),lr(acac) and BPEA were selected as two typical kinds of guest
compounds. (b and c) PL microscopy images of the triblock (BT),lr(acac)
and multiblock BPEA doped TPI microtubes. Scale bars are 20 pm. (d)
Digital photographs of suspensions of TPl microstructures (blue), cou-
marin 6 monomers (green) and aggregates (red) under UV radiation. The
red emission from coumarin 6 aggregates originates from the charge
transfer (CT) state. (e) Molecular structures of TPl (donor) and coumarin
6 (acceptor). (f) PL microscopy image of coumarin 6 doped TPl micro-
tubes with spatial full-color emission. The scale bar is 5 ym. (a—c)
Reproduced with permission from ref. 20. Copyright 2012, Wiley-VCH.
(d and f) Reproduced with permission from ref. 22. Copyright 2013,
Wiley-VCH.

two typical guest molecules, respectively (Fig. 2a). Because of
the weak intermolecular interactions (van der Waals force) and
the complete mismatch in molecular structures between TPI
and sphere-like (BT),Ir(acac), the concentrated (BT),Ir(acac)
guest molecules aggregate together with the epitaxially
growing TPI matrix to terminate the 1D growth of the TPI
tubes, finally forming barcode-like microtubes with two doped
orange blocks as the ends (Fig. 2b). In comparison, the planar
BPEA and TPI molecules with a strong n—r stacking interaction
allow for the continuous growth of the TPI molecules to form
two other extended blue blocks even if the BPEA ends its aggre-
gation. With the continuous evaporation of the solvent, BPEA
aggregates again along the 1D growth direction (Fig. 2c). The
alternate growth of TPI and BPEA results in the multiblock
structures with tunable colors, thus greatly enlarging the
encoding capacity of graphical encoding.
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The versatile color design of organic materials enables the
integration of a large library of optical encoding elements into
a single microstructure, providing great opportunities to
realize multicolor photonic barcodes with full color blocks. It
is demonstrated that the emissive color of organic materials
not only depends on their molecule structures, but is also
affected by its aggregate environment.>" Here, we take 3-(2-ben-
zothiazolyl)-7-diethylaminocoumarin (coumarin 6) as an
example. Besides the intrinsic green fluorescence from the
coumarin 6 monomer, red emission can be observed from its
aggregates as a result of the charge transfer (CT) state (Fig. 2d).
Benefiting from the superior compatibility of TPI crystalline
matrices to coumarin 6 molecules, when coumarin 6 was
adopted as the guest compound, barcode blocks with full color
range were obtained (Fig. 2e).”* The gradually varying dis-
persion of coumarin 6 clusters induces the full-colored visible
luminescence along these microtubes due to the energy trans-
fer from TPI to coumarin 6 and the aggregation-induced spec-
tral shift of coumarin 6 (Fig. 2f). Therefore, the RGB colors in
a single luminescent micro/nanomaterial could be accom-
plished by the controllable doping of coumarin 6 into TPI
structures, manifesting the infinite capacity of such barcodes.

However, owing to the gradient axial doping of guest mole-
cules, the interfaces between adjacent blocks in multicolor
heterostructures are not clear, which may further affect the
precise acquisition of the barcode information. Therefore, con-
structing multisegmented heterostructures with a clear inter-
face would be beneficial for the accurate identification of the
barcodes. Metallophosphors with similar molecular structures
(Fig. 3a) were chosen to prepare multicolor heterostructures
with a very sharp color change through collaborative assem-
bly.® The superior structural compatibility between the two
components permits the dispersion of the Ru acceptor into
the Ir donor crystalline matrix, which results in materials with
high crystallization and tunable emission properties.
Multiblock binary heterojunctions of the Ir donor and the Ru
acceptor were successfully constructed by carefully controlling
the contents of the stock solution using stepwise growth con-
ditions (Fig. 3b and c). These 1D penta-block heterojunctions
exhibit multicolor emissions with a very sharp color change. It
is worth mentioning that the emission patterns are entirely
different when these heterostructured nanorods are irradiated
with blue or red light (Fig. 3d and e), implying the possibility
of functioning as covert barcodes.

Multiblock heterostructures with changeable color and
length generated through -carefully controlling the inter-
molecular interaction would dramatically enlarge the encoding
capacity. However, the lack of a distinct border between adja-
cent segments may lead to complications in the precise identi-
fication of the coded information. Metallophosphors with
similar molecular structures, capable of assembling into regu-
lated multiblocks with clear boundaries, not only show super-
iority in accurate information recognition and extraction, but
also hold great potential to design covert barcodes.

2.1.2 Graphical encoding based on photobleaching.
Organic luminescent materials possessing versatile emission

This journal is © the Partner Organisations 2020
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Fig. 3 (a) Chemical structures of the Ir donor and Ru acceptor. The
similar molecular structures ensure the collaborative assembly of the
two compounds. (b and c) Fluorescence microscopy images of hetero-
junction nanorods doped with (b) 1%, and (c) 2% Ru acceptor under UV
irradiation, showing multiple-color emissions. Scale bars are 20 pm. (d)
Line scanning along a single nanorod using a confocal laser scanning
microscope equipped with 405 and 559 nm lasers. (e) The corres-
ponding plots of the microarea emission intensity as a function of the
distance d along the rod axis. Reproduced with permission from ref. 23.
Copyright 2018, American Chemical Society.

colors are superior in graphic encoding for easy visualiza-
tion.>* Inspired by the fact that PL intensities in organic mole-
cules could be freely modulated through light stimuli owing to
their flexible molecular skeleton, De Smedt and co-workers
developed a novel approach to encode polymer microspheres
based on “spatial selective photobleaching”, where identifiable
patterns can be directly written on the surface of fluorescent
microspheres (Fig. 4a and b).>® Photobleaching is a photo-
induced process where luminescent molecules lose their fluo-
rescence, resulting in a fading of the fluorescent color.
Therefore, the emissive and non-emissive areas constitute
different graphical patterns with high contrast. As shown in
Fig. 4a, barcodes can be clearly written by “spatially selective
photobleaching” of the fluorescence in homogeneously fluor-
escently dyed microspheres. Certain regions at a certain depth
in the microspheres were bleached, and the as-obtained bar-
codes are illustrated in Fig. 4b. Notably, the emission intensity
can be utilized as a code element. In this cast, the only differ-
ence among all the bars is different bleaching levels, showing
the feasibility of intensity encoding. Theoretically, the photo-
bleaching method is able to generate an unlimited number of
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Fig. 4 (a) A typical barcode written via selective photobleaching at the
central plane of a homogeneously fluorescent microsphere, where
certain regions at a certain depth were bleached. By exposing the
regions to be bleached to a high intensity laser beam, the fluorescent
dyes lost their fluorescence properties, which gives rise to the code. The
scale bar is 20 pm. (b) Schematic presentation of “bar-encoded” memo-
beads. (c) Cutting of polymer fibers prepared through electrospinning
into fiber pieces by cold ablation. (d) Encoding of the fiber pieces by
photobleaching through the use of a scanning laser beam. (e—g)
Different barcodes written in the fiber pieces. Note that information can
be stored, not only in the width of the bars, but as well in the length of
the memofibers. The insets show the barcodes which were written in
the fiber pieces, and the red rectangles indicate individual memofibers.
Scale bars are 100 pm. (a and b) Reproduced with permission from ref.
25b. Copyright 2007, Wiley-VCH. (c—g) Reproduced with permission
from ref. 26. Copyright 2010, Wiley-VCH.

unique codes through changing the width and intensity in
barcode information.

However, this method is restricted by the limited central
plane of a microsphere for writing a valuable code, because
bleaching near the edges becomes less efficient due to the
spherical shape. To solve this problem, they further developed
highly aligned polymer microfibers instead.>® Precisely aligned
microfibers through electrospinning are digitally encoded by a
laser beam scanning along the longitudinal axis of the fiber
pieces (Fig. 4c and d), thus permitting a high coding efficiency
and encoding capacity through changing the width and
numbers of the bars (Fig. 4e-g). Such encoded micropatterns
can find broad applications in high-throughput screening,
combinatorial chemistry, and commodity labels to prevent
counterfeiting.

Though photobleaching has shown great potential in the
encoding area, this method still faces some challenges. For
example, fluorescent molecules used here must be fixed in a
host material. Otherwise, the bleached code will fade away over
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time resulting from the mutual diffusion between fluorescent
and bleached molecules. In addition, the number of encoding
features is limited by the particle size, which would restrain
the graphical encoding capacity.

As a well-established coding scheme, graphical encoding,
which provides a relatively large encoding capacity, has been
widely used in both industrial production and our daily life.
However, these barcodes have to be placed in a specific orien-
tation in the reading processes owing to the anisotropy of the
patterning, which would lead to the increase of operational
complexity.>”

2.2 Spectroscopic encoding

Among various encoding strategies explored, spectroscopic
encoding is another well-established coding technology,
although it is not as intuitive as graphical encoding.
Spectroscopic encoding commonly relies on the color, inten-
sity and lifetime information of light emitted from more than
one coloring materials such as fluorescent dyes or quantum
dots.>® Compared with the graphical encoding, spectroscopic
encoding is much easier to be recognized without orientation
dependence because of the isotropic character of
photoluminescence.

2.2.1 Spectroscopic encoding based on multicolor-emitting
materials. The versatile spectra from luminescent organic
molecules enable the generation of a large library of spectro-
scopic encoding. However, considering that spectrum-based
barcodes are strongly dependent on the excitation efficiencies
of different light, multiple light sources of different wave-
lengths are usually needed during the identification process to
maintain a high reading accuracy.>® To overcome this obstacle,
Xiao et al. proposed an approach to encode microspheres con-
sisting of intramolecular through-bond energy transfer (TBET)
molecules (Fig. 5a).>° In a TBET cassette, the electron-donor
and electron-acceptor groups are connected by a rigid and con-
jugated linker in the molecular skeleton, which ensures an
effective energy-transfer process “through bond”. Three boron
dipyrromethene (BODIPY) derivatives with well-separated
emission bands were chosen to construct the cassettes, which
permit highly efficient TBET under single-excitation wave-
length. Upon excitation of three fluorophores (BDP, BDP-A1,
and BDP-A2) at 480 nm, sharp fluorescence with distinguish-
able colors was observed. The intensity of each emission
maximum can be effectively modulated by simply adjusting
the amount of the corresponding fluorophore. Therefore, fluo-
rescence from these microspheres with the TBET feature exhi-
bits tailored emission fingerprints.

Then they set three channels in collecting the emissions
from BDP, BDP-A1, and BDP-A2 in microspheres through con-
focal microscopy images. As shown in Fig. 5b, six kinds of
microspheres that show distinct emission intensities in all
three channels can be obtained by changing the corres-
ponding loading amounts of each dye. For example, micro-
sphere 1# solely labeled with BDP shows bright fluorescence
in the green channel without emissions in the other two chan-
nels. Comparatively, microspheres 5# doped with all three
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Fig. 5 (a) Schematic illustration of through-bond energy transfer (TBET)
as a versatile strategy to develop encoded microspheres. By the connec-
tions of two different long wavelength BODIPY dyes to a short wave-
length BODIPY dye, two TBET cassettes are constructed. Together with
the donor they are loaded into self-produced polystyrene microspheres
which demonstrate tailored emission fingerprints upon single excitation
of the donor. (b) Overlapped confocal microscopy image of dye-doped
fluorescence microspheres in the green channel (Aem = 495-555 nm),
orange channel (ley = 560-620 nm) and red channel (lg,, =
655-755 nm). The corresponding spectra of triply doped microspheres
(1# and 5#) are presented in the right. Reproduced with permission
from ref. 30. Copyright 2014, American Chemical Society.

TBET fluorophores exhibits signals in all the three channels.
What is more, there is no crosstalk among channels, indicat-
ing the coding possibility. The TBET-based encoded micro-
spheres are of practical applicability in multiplex and high
throughput assays, which demonstrates satisfactory perform-
ances of the novel multicolor encoded microspheres.

2.2.2 Spectroscopic encoding based on microcavity modu-
lation. The broad PL band of different coloring materials is
prone to be overlapped; thus the possible number of codes in
multicolor-emitting spectroscopic encoding is practically
limited by the availability of indicating materials with minimal
spectral overlap.>' Zhao and co-workers proposed a strategy to
design photonic barcodes based on whispering-gallery-mode
(WGM) modulations in dye-doped microdisk resonant cav-
ities.>> Because photons can be effectively confined in WGM
microcavities through continuous total internal reflection
along the smooth and curved surfaces,”® a microcavity
embodying gain materials could emit PL with a series of sharp
peaks from WGM cavity modulation when excited locally with
a focused laser beam. These recognizable peaks heavily
depend on the size, refractive index, and quality factor of the
resonator,** thus constituting the fingerprint of a specific reso-

This journal is © the Partner Organisations 2020
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Fig. 6 (a) Schematic diagram of the microdisk fabrication process. The
disk-like structures were obtained through controllable evaporation of
the solvent of the emulsion solution containing isotropic spherical
micelles. During the drying of the PS micelles, a tiny gap consisting of
two glass substrates was introduced as a template. (b—d) SEM images of
the microdisks prepared with various proportions of water to PS solu-
tion, showing flexible preparation of microdisks with varied size. Scale
bars are 10 pm. (e) PL spectra and corresponding photonic barcode
from a typical microdisk. The black and red lines represent emissions
under excitation of a 405 nm CW laser and a UV band of a mercury
lamp, respectively. Inset: PL image of the disk. Scale bar is 2 pm. (f)
Relationship between 12/A1 and the diameter (d) of microdisks, mani-
festing the formation of WGM resonance. The red line is a linear fit to
the function A2/A4 = nrnd. Reproduced with permission from ref. 32.
Copyright 2017, Wiley-VCH.

nator and providing a larger coding capacity than traditional
spectroscopic encoding.

Organic materials possess excellent flexibility and processa-
bility, making them an ideal candidate for producing micro-/
nanoscale WGM cavities.?®> As shown in Fig. 6a, disk-like struc-
tures were fabricated through liquid phase assembly.
Polystyrene (PS) molecules dissolved in N,N-dimethyl-
formamide (DMF) aggregated into independent spherical
micelles when a small amount of water was added. During the
drying of PS micelles, a tiny gap consisting of two glass sub-
strates was introduced as a template, and spherical micelles
got squashed. The microdisk diameter could be finely tuned
through changing the proportion of added water to PS solution
(Fig. 6b-d). Under a focused laser beam, a bright ring shape
pattern was observed at the boundary of the microdisk, which
indicated that the microdisk formed a typical WGM feedback
resonant cavity. Moreover, a series of sharp peaks were found
to superimpose upon the broad emission spectrum collected
from the edge of the microdisk. The WGM-modulated recog-
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nizable spectrum affords a good platform to encode and ident-
ify each microdisk. In general, a typical barcode contains a
series of black bars with different widths representing con-
secutive digits. Here, barcodes are defined as follows: each
solid bar is located in the wavelength position of the corres-
ponding mode in the PL spectrum, and the bar width is
defined by the relative fluorescence intensity of the same wave-
length (Fig. 6e). According to the coding rule, a specific
barcode can be deduced from the modulated PL spectrum.

In the modulated spectrum, the mode spacing A4 and the
diameter d of the corresponding microcavity satisfy the
equation A2/AA = nnd, where 1 is the wavelength of the con-
fined light and n is the group refractive index.*® The relation-
ship between 12/Al and d shown in Fig. 6f indicates that
countless barcodes can be produced through controllable
varying of diameters of the microdisks. The coding capacity
can also be further enlarged via selection of other organic dyes
because of their diverse PL emission.

2.2.3 Spectroscopic encoding based on Raman scattering.
For organic fluorescent dyes, photobleaching®” is an un-
avoidable difficulty since their debut, and is fatal to the
reliability of photonic barcodes. In contrast, Raman
scattering,*® involving vibrational energy being gained by a
molecule as incident photons from a laser are shifted to
lower energy, could provide a more stable spectrum with a
number of relatively narrow peaks. Each peak corresponds to a
specific molecular bond vibration, enabling accurate readout
of the as-generated photonic barcodes based on Raman
scattering.

Wang and co-workers developed a wavenumber-intensity
joint spectral encoding method on the basis of surface
enhanced Raman scattering (SERS).>* Three kinds of Raman
reporters, 1,4-benzenedithiol (BDT), 2-naphthalenethiol
(2-NAT) and 4-methoxythiophenol (4-MT), were used, and their
Raman peaks at 730, 767, and 794 cm™ ' were used as the
encoding bands. According to the information on both the
wavenumber and intensity of the SERS signals, a total of 19
codes were achieved experimentally with distinguishable spec-
tral signatures (Fig. 7a-c). However, the current achievable
coding capacities are still restricted due to the fact that the
peaks of the commonly used SERS reporters are mostly located
in the fingerprint region (500-2000 cm™"),*® which results in
crowding and indistinguishable Raman peaks.

Recently, Gao and co-workers developed super-capacity
information-carrying systems by tuning vibrational signal
intensities in multiple bands of Raman-silent regions.*" They
generated a library of alkyne compounds where the Raman
shifts located from 2000 to 2300 cm™". The different Raman
codes can be effectively generated through mixing the com-
pounds with different amount ratios, thereby generating the
distinct relative Raman intensities (Fig. 7d and e). This novel
approach could experimentally yield the largest capacity of dis-
tinct optical barcodes, indicating that the Raman coding
method provides a new strategy for super-capacity data storage
and opens new scenarios for the development of high-through-
put screening and data storage.

Org. Chem. Front, 2020, 7, 2776-2788 | 2781


https://doi.org/10.1039/d0qo00613k

Published on 04 August 2020. Downloaded on 12/4/2025 7:33:34 PM.

Highlight
a ~ 2% C
: 3 3
=~ &
AgNPs S
GA - --... K * Raman reporter /,
=8 sica #
ant - ad @ S
=l - &8
b il
(@ )..—< >_., -
) 1080 1o i,
™ oo
- |
z [P0 -
£
= (€) e Hoen DR R R
1081 o
e
w0 %0 120 180 1800
Raman shift (cm™")
d Band | Band Il Band Iil Band IV
® Owooe © o © ®
: A
= D .. [ u,
o coon ( T 5 L

’)w =
Tl Rl

L Coe

|
[2100 2106 2110 2135 2158 2162 2170 2180 2210 2215 2220 2225 2250 om!

e > 4- ® © © ®

‘@ A
g e‘ 2
£ 34 \
c Inl 6
g ) 14

4 \ 5
& 4
.:;: 11 2
o) 1
& 0 0

2100 2150 2200 2250 2300

Fig. 7 (a) Schematic illustration of the preparation of the encoded SERS
nanoprobes. Silver nanospheres were used as the SERS-active sub-
strates, on which Raman reporters were adsorbed as the coding agents.
Then, a layer of silica shell was coated for both protecting Raman repor-
ters from the surroundings and providing a platform for further surface
modifications. (b) SERS spectra of three SERS nanoprobes and the
chemical structures of encoded Raman reporters: BDT, 2-NAT and
4-MT. (c) Codes, structures, and measured spectra of the synthesized 19
SERS encoders. The spectra are only shown from wavenumber 600 to
900 for clarity. (d) Molecular structures and Raman spectral properties
of alkyne candidates for super-capacity coding systems. They are cate-
gorized into 4 spectral bands: bands |, II, lll, and IV. Experimentally,
these compounds labeled with ®, ®, ©, ®, and ® were selected to co-
valently attach to aminolated resin beads. (e) Eight Raman codes gener-
ated through mixing the compounds with different amount ratios. They
correspond to ®, (n = 0-7) at 2110 cm™, ®, (n = 0-7) at 2135 cm™, ©,
(n = 0-7) at 2180 cm™, and ®, (n = 0-7) at 2220 cm™?, respectively. (a—
c) Reproduced with permission from ref. 39. Copyright 2014, Royal
Society of Chemistry. (d and e) Reproduced with permission from ref. 41.
Copyright 2020, Royal Society of Chemistry.

Spectroscopic barcodes offer a facile, highly effective
approach to information storage. Fluorescence is a principal
element for expressing the identity of targets, which provides a
wide range of fluorescent colors. The fluorescence would be
modulated when organic luminophores are incorporated into
a resonator, leading to recognizable peaks imposed on broad
fluorescence emissions. The as-generated sharp peaks, similar
to Raman scattering, contain fingerprint information of the
individual resonator, providing a good candidate to improve
the reliability of photonic barcodes.

2.3 Integration of spectroscopic and graphical encoding

Spectroscopic encoding methods will continue to be used at
smaller scales because of the simplicity of code generation
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and detection. Besides, such a technique fits well with existing
well-proven fluorescence detection devices, which no doubt
would boost the applications, especially in the field of chem-
istry and life sciences. In this section, the integration of the
spectroscopic and graphical encoding in organic materials is
presented, where the advantages of identifiable microscale pat-
terns and distinguishable spectral characteristics in organic
materials would simultaneously be utilized, thereby greatly
enlarging the encoding capacity and improving the security
level.

The aim was fulfilled by Zhao and co-workers.** They devel-
oped a strategy to design microscale barcodes with high
coding capacity through integrating the spectroscopic and
graphical encoding in 1D lanthanide metal-organic framework
(Ln-MOF) multiblock heterostructures, which were fabricated
via a facile stepwise solvothermal synthesis (Fig. 8a). The segre-
gated Ln-MOF heterostructures with recognizable features and
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Fig. 8 (a) Bright-field and PL microscopy images of a segregated Ln-
MOF heterostructure. Scale bar is 10 pm. (b) Schematic illustration of a
heterostructure excited with a focused laser beam. Each part (marked as
1, 2, 1) of the heterostructure was selectively excited with a CW laser
beam (375 nm). (c—e) Corresponding PL spectra collected from three
different areas and the generated barcodes (marked as 1, 2, 1" shown in
b). (f) Schematic illustration of the encoding strategy based on the seg-
regated Ln-MOF heterostructure. According to the different block
lengths in a heterostructure, the as-designed barcodes were com-
pressed with the corresponding length ratio, which can be defined as
the sub-barcodes. The barcode was subsequently generated by combin-
ing the three parts of the sub-barcodes. (g—i) PL images of the segmen-
ted structure with various block lengths. The block length can be pre-
cisely controlled by adjusting the epitaxy precursor-to-seed ratio in the
reaction system. Scale bars are 10 pm. Reproduced with permission from
ref. 42. Copyright 2019, Wiley-VCH.
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distinguishable spectra constitute the fingerprint of a specific
microstructure. Therefore, one can distinguish each micro-
structure based on its intrinsic PL spectrum, just like the reco-
gnition of the commodity by a specific barcode. These well-
resolved PL spectra endow the multicolor Ln-MOF hetero-
structures with distinguishable features for developing spectro-
scopic encoding. Therefore, the PL spectrum collected from
each segment can be expediently converted into a specific
photonic barcode (Fig. 8b-e), which is beneficial for digital
identification of the heterostructure.

Apart from the spectroscopic encoding, the different color
lengths in each segment endow the heterostructure with a
length-encoded character, providing a good platform to
develop novel graphical encoding. As shown in Fig. 8f, based
on different block lengths in the heterostructure, the as-
designed barcodes were compressed according to their corres-
ponding length ratio. Then the built-up barcode was further
generated by combining the different compressed sub-bar-
codes. By integrating the spectroscopic and graphical encod-
ing, a specific barcode can be deduced from an individual Ln-
MOF heterostructure, which allows for a one-to-one match
between each multicolor barcode and the Ln-MOF hetero-
structure. Moreover, the optimized assembly method enables
the production of countless unique barcodes through control-
lably fabricating diverse Ln-MOF heterostructures (Fig. 8g-i).

The integration of the spectroscopic and graphical encod-
ing greatly enlarges the encoding capacity and improves the
security level, providing enlightenment for the rational design
of novel microstructures for data recording and information
security.

3. Covert photonic barcodes for
advanced anti-counterfeiting

Although micro/nanoscale barcodes have been widely used as
object tags, the visible feature makes these barcodes easy to be
altered or duplicated, facing increasing challenges as security
labels in anti-counterfeiting applications. Covert photonic bar-
codes in which useful information is usually hidden until the
predesigned reading method is conducted, would be a good
addition to the aforementioned visible counterparts for anti-
counterfeiting and information security.*® This section dis-
cusses coding strategies of the covert photonic barcodes based
on the abundant excited state processes with the near-infrared
(NIR) luminescence mode and smart responsiveness to exter-
nal stimuli, which are of great significance for optical data
recording, anti-counterfeiting, and security labels.

3.1 Covert photonic barcodes with near-infrared
luminescence

Conventional photonic barcodes are unfavorable for practical
applications in confidential information protection, because
the data or information recorded in these barcodes are usually
visible under ambient or ordinary excitation of UV light. The
near-infrared (NIR) luminescence is invisible to the naked eye,
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which provides an extra security feature and plays crucial roles
in data communication and information security.**

Stéphane Petoud and co-workers proposed a new concep-
tual approach for creating luminescent barcoded systems
based on NIR-emitting lanthanide MOFs.** In this work, Yb**
and Er*" were chosen as the metal ions considering their dis-
tinguishable emission profiles in the NIR. The organic ligand
of H,-PVDC can effectively sensitize lanthanide cations result-
ing from the efficient ligand-to-metal energy transfer (Fig. 9a).
Excitation at a single wavelength produces the characteristic
Yb** emission band centered at 980 nm and the Er** band cen-
tered at 1530 nm simultaneously. With an increase in the
amount of Er*" and a decrease in the amount of Yb*", their
respective emission intensities increase and decrease
accordingly.

The different lanthanide metal ions exhibit similar coordi-
nation chemistry and atomic radii; thus different Ln-MOFs
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Fig. 9 (a) Molecular structure of the H,-PVDC, which was used to
create polymetallic materials containing several different near-IR-emit-
ting lanthanide cations. (b) Powder XRD patterns for Yb-PVDC-1 and
other four luminescent metal—-organic frameworks with varying lantha-
nide ion stoichiometries. (c and d) Yb** (980 nm) and Er** (1530 nm)
emission spectra recorded upon 490 nm excitation: (c) normalized to
the Er®* signal; (d) normalized to the Yb>* signal. With an increase in the
amount of Er** and a decrease in the amount of Yb**, their respective
emission intensities increase and decrease accordingly. (e) Anti-counter-
feiting demonstration of the NIR barcoded materials. Sample of
Ero70Ybo 30-PVDC-1 needle crystals was dried and glued to a micro-
scope slide (the dime is included for size perspective). (f) Corresponding
PL spectrum of the sample shown in (e). Upon excitation at 490 nm, the
Yb** (980 nm) and Er** (1530 nm) barcode was easily detected in the
NIR range. Reproduced with permission from ref. 45. Copyright 2009,
American Chemical Society.
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show isomorphous structures (Fig. 9b).*® The heterobimetallic
MOFs can quantitatively control the resulting luminescence
intensities of the individual signals of the two NIR-
emitting lanthanide cations by controlling the lanthanide
composition (Fig. 9c and d), which greatly enlarges the encod-
ing capacity of the covert photonic barcodes. In addition, the
luminescence bands in the NIR range can not only be per-
ceived with the naked eye, but also be monitored with infrared
sensors, which provides a good platform to develop high-level
security labels towards anti-counterfeiting applications (Fig. 9¢
and f).

3.2 Covert photonic barcodes with smart responsiveness to
external stimuli

The static luminescence signals outputted by the current
micro/nanoscale barcodes would hinder their practical appli-
cations for confidential information protection, because the
data or information are usually visible under the ordinary exci-
tation of UV or NIR light. Thus, barcodes with smart responses
would play an indispensible role in preventing tampering or
counterfeiting due to their additional advantages.

The abundant excited state processes in organic materials
exhibit smart responsiveness to external stimuli and possess
extra security features, affording an opportunity to develop
covert photonic barcodes. We recently developed a strategy to
construct the covert photonic barcodes based on the smart
responsive organic WGM microcavities.** The excellent com-
patibility of organic materials endows the WGM microcavities
with responsiveness to external stimuli by doping smart
responsive gain materials, which is highly desired in the con-
struction of covert photonic barcodes. Coumarin 6 (C6) was
adopted as an intelligent material due to its peculiar multiple
excited states. It is easy for the C6 molecule to be associated
with a proton in its thiazole ring nitrogen due to the basicity
of this site (Fig. 10a). The protonation-induced changes in
electronic properties can enhance the intramolecular charge
transfer and induce a red-shift in the optical spectra in proto-
nated C6 (Fig. 10b).

To generate the proton in an environment-friendly way, a
photoacid generator (PAG),*” which can release a proton under
illumination of light with a certain wavelength, was utilized to
give rise to the protonated C6 molecules (Fig. 10c). Therefore,
the microdisks manifest smart responsiveness to 254 nm light
by taking C6 and PAG as the dopants, providing a good plat-
form to create covert photonic barcodes that the real infor-
mation would not appear until predesigned light stimuli are
adopted (Fig. 10d). Interestingly, the composite microdisks
changed their fluorescence color from cyan to green under the
irradiation from a hand-held UV lamp (Fig. 10e and f). The
irradiated microdisks with protonated C6 molecules emit
another unique PL with a series of sharp peaks (Fig. 10g).
Based on the proposed encoding rule, another photonic
barcode associated with the UV-irradiated microdisk has been
obtained, and it is different from the original one. This new
barcode can be covert and form a “security tag”, which can
provide additional security protection. In comparison with
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Fig. 10 (a) Molecular structures of C6 in neutral and protonated states,
respectively. As a typical ICT dye, C6 can be regarded as an intelligent
material due to its peculiar multiple excited states and sensitive response
to environmental variations. (b) The corresponding pictorial presentation
of the HOMO and LUMO of neutral and protonated C6 molecules. The
protonation reduces the HOMO-LUMO gap from 2.26 to 1.80 eV,
leading to a red-shift in optical spectra. (c) The reaction pathway of the
PAG, which can release a proton under illumination of light with a
certain wavelength. (d) Schematic diagram of a smart microdisk co-
doped with C6 and PAG for the covert photonic barcode. Under the
irradiation from a UV lamp (254 nm), the composite microdisks simul-
taneously embodying C6 and PAG changed their fluorescence color
from cyan to green, confirming that the photogenerated protons from
PAG surely promote C6 to its protonated state. Only in this way, the real
information can be read out. (e and f) PL images of microdisks with (e)
neutral C6 and (f) protonated C6 molecules excited with the UV band
(330-380 nm) of a mercury lamp. Scale bars are 10 um. (g) PL spectra
collected from the initial microdisk (blue) and the UV-irradiated micro-
disk (green) excited with a 405 CW laser. The resonant wavelengths of
the microdisk remain unchanged, presenting the ability to form a
“security tag”. Reproduced with permission from ref. 32. Copyright 2017,
Wiley-VCH.

covert barcodes based on near-infrared (NIR) luminescence,
the barcodes based on smart responses to external stimuli
show a much higher security.

Barcode technology was first innovated and adopted in
industry. Due to the robust practicability, applications of bar-
codes have spread to many areas including clinical medicine,
food security, chemical detection, environmental monitoring,
and retail-trade. One of the important applications of barcodes
is multiplexed detection, which integrates multiple variables
to overcome the clinical sensitivity and/or specificity limit-
ations found with a single marker.” The multiplexed detection
based on the fluorescence color and intensity is the most
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Table 1 Comparison of different encoding methods
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Encoding elements

Encoding capacity  Identification accuracy  Security level

Graphical coding Pattern Unlimited number  + +
Color and intensity + ++ +
Spectroscopic encoding Microcavity modulation ++ 4+ ++
Raman scattering +++ +++ ++
Integration of spectroscopic and graphical encoding  Color, intensity, pattern ~ +++ +++ 4+
Convert photonic barcodes Near-infrared ++ ++ F++
Microcavity modulation ~— ++++ +++ -+

popular method due to its ease of visualization.*® Organic
materials with the advantages of intense photoluminescence,
chemical versatility, and excellent compatibility make them
ideal candidates for multiplexed detection. Fluorescent dyes
are generally applied as barcode materials to report the
targets. Mixing different fluorescent dyes in various ratios is a
useful strategy.*® Fluorescent micro/nanostructures with con-
trolled size, morphology, constituents, and surface modifi-
cation are available for different purposes in multiplex biosen-
sing. Thus organic materials present great potential in design-
ing barcodes for multiplexed detection.

4 OQutlook and perspectives

The recent progress in micro/nanoscale photonic barcodes
based on organic materials has been systematically summar-
ized from the aspects of the diverse optical encoding tech-
niques including identifiable organic microstructures, dis-
tinguishable spectral characteristics and controlled excited-
state processes of organics toward the construction of covert
photonic barcodes (Table 1). However, this field still faces
many challenges, such as further miniaturization and improve-
ment of the reliability of organic barcodes. First, the size of
organic photonic barcodes is larger than their output wave-
length caused by the diffraction limit, hindering further min-
iaturization toward the subwavelength scale. The strong coup-
ling between plasmon/exciton and optical modes, which
would greatly enhance the light confinement may help realize
ultrasmall photonic barcodes. Second, although organic
materials with excellent flexibility and processability have been
utilized to construct various barcodes, they often suffer from
low thermal stability resulting from their weak intermolecular
interactions, which may set an obstacle in their practical appli-
cations under certain working conditions. This problem could
be solved by developing novel organic hybrid materials such as
MOFs which possess the excellent processability of organic
materials and high stability of inorganic materials.

Research studies on organic micro/nanoscale photonic bar-
codes, which are tightly related to materials design, fabrication
and excited-state processes, is still in a preliminary stage. We
hope that the rapid development in the past decade will help
see it blossom in the next stage with collective efforts of
researchers from different academic communities of chem-
istry, materials science, and related fields.
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